INTRODUCTION
The Bacillus subtilis Pho-regulon genes are induced under phosphate-starvation conditions and enable the cell to use limiting phosphate resources efficiently. Expression of the Pho-regulon genes allows the cell to obtain inorganic phosphate from the environment by production of secreted alkaline phosphatases (APases) and alkaline phosphodiesterases (APDases) (Hulett, 1993) , by increasing phosphate uptake via the highaffinity phosphate-transport system (Qi et al., 1997; Eymann et al., 1996) , and by reducing usage of phosphorus for cell wall synthesis through replacement of Abbreviations: APase, alkaline phosphatase; APDase, alkaline phosphodiesterase; p-Gal, p-galactosidase; LPDM, low-phosphate defined medium; PhoP -P, phosphorylated PhoP; *PhoR, cytoplasmic region of PhoR.
teichoic acid with teichuronic acid (Ellwood & Tempest, 1969 ; reviewed by Archibald et al., 1993) . Although a number of proteins are induced under these conditions and 20 genes are estimated to be involved in the phosphate-limitation response (Eymann et al., 1996) , only a few Pho-regulon genes have been characterized. These include two APase structural genes, phoA and phoB Hulett et al., 1991) ; an APase/APDase gene, phoD (Eder et al., 1996) ; a phosphate-transport operon, pstSACBP, (Qi et al., 1997; Eymann et al., 1996) ; and a regulatory locus, the phoPR operon (Seki et al., 1987 (Seki et al., , 1988 Hulett et al., 1994a, b) . Genetic evidence indicates that PhoP and PhoR, the two-component regulatory proteins which regulate the phosphate-starvation response (Seki et al., 1987 (Seki et al., , 1988 , activate Pho-regulon promoters at the transcriptional level under phosphate-starvation conditions (Hulett, 1993) . Deletion of either the phoP or the W. L I U and F. M. H U L E T T phoR gene abolishes or dramatically reduces the induction of transcription of Pho-regulon genes, including the phoPR operon (Chesnut et al., 1991; Hulett et al., 1994a, b; Eder et al., 1996; Qi et al., 1997) . Under phosphate-starvation conditions, B. subtilis synthesizes teichoic acid rather than teichuronic acid (Ellwood & Tempest, 1969; Grant, 1979; Lang et al., 1982; Muller, et al., 1997) . Teichoic acid, which contains ribitol or glycerol phosphate polymers, accounts for 15 % of cellular phosphate in cells grown in phosphatereplete media (Archibald et al., 1993) . Since teichuronic acid does not contain phosphate, the cell can save phosphorus for cellular metabolism and nucleic acid synthesis by switching to teichuronic acid synthesis during phosphate depletion. The switch between the two cell-wall components has been observed not only from quantitative determination of the two components, but also by electron microscopy of stained bacterial cell walls (Merad et al., 1989) . Until recently, little was known about regulation of teichoic acid and teichuronic acid synthesis in B. subtilis. Ellwood & Tempest (1972) first reported the synthesis of teichuronic acid during phosphate starvation and proposed that phosphate limitation blocks formation of phosphate-containing intermediates which normally inhibit synthesis of teichuronic acid. Recently, we (Liu et al., 1998a) have demonstrated that PhoP -P (phosphorylated PhoP) represses gene expression from the tagAB and tagDEF operons. These operons encode the proteins responsible for the synthesis of teichoic acid (Mauel et al., 1994 (Mauel et al., , 1995 . Several lines of evidence indicate that the genes responsible for teichuronic acid synthesis also belong to the Pho regulon and therefore are regulated by PhoP and PhoR. First, teichuronic acid synthesis is induced during phosphate starvation (Ellwood & Tempest, 1969) and secondly, a phoP and a phoR mutant are unable to synthesize teichuronic acid during phosphate starvation (Muller et al., 1997) . However, how PhoP and PhoR regulate synthesis of teichuronic acid during phosphate starvation, directly or indirectly, remains unknown.
In vitro studies have shown that PhoP is phosphorylated by its cognate kinase PhoR (Liu 6c . Both phosphorylated and unphosphorylated forms of PhoP bind to the target promoters, including the phoA, phoB, psts and tagAB promoters (Liu & Hulett, 1997; Liu et al., 1998a, b) . The binding regions for PhoP and PhoP -P are primarily located from -22 to -60 bp upstream of the transcription start sites, covering the TTAACA-like putative Pho boxes proposed by Qi et al. (1997) . Here, we demonstrate that PhoP also binds to the tuaA promoter. In addition, we align the PhoP binding sites within all the known Pho-regulon promoters and determine the consensus core PhoP-binding sequence. (Shimotsu & Henner, 1986) . The orientation of the tuaA promoter was the same as that o f the lac2 gene in pDH32. The tuaA-lac2 fusion was introduced into B. subtilis strains according to Chesnut et af. (1991) . T o induce the Phoregulon genes, the B. subtilis strains were grown in lowphosphate defined medium (LPDM) as described previously (Qi et al., 1997) .
METHODS
DNA manipulations and transformations. PCR reactions were performed following the procedure of Perkin Elmer Cetus using Taq polymerase from Gibco BRL. DNA manipulations were done as described by Sambrook et al. (1989) .
APase and pgalactosidase assays. These assays were done as described previously (Hulett et af. 1990) , except that the enzyme activity was analysed and calculated using Enzyme Kinetics Data system software on a Hitachi spectrophotometer. For APase activity, a unit was defined as 1 pmol p-nitrophenol produced min-l at 37 "C. The specific activity was the ratio of the units of APase activity to the OD,,, of the culture. For the B-galactosidase @-Gal) assay, the method of Ferrari et af. (1986) was used to determine the specific activity (units per mg protein). One unit was defined as 0.33 pmol of onitrophenol produced min-l at 37 "C. The amount of total protein in the cell was calculated as described by Eder et al. (1996) .
Purification of PhoP and *PhoR. Purification of PhoP and "PhoR (the cytoplasmic region of PhoR) was conducted as described previously (Liu & Hulett, 1997) .
Gel shift and DNase I footprinting experiments. These were done as described previously (Liu & Hulett, 1997) . For making the probes of the tuaA promoter, pES69 was digested with Hind111 or XbaI to label the noncoding strand or the coding strand respectively. The amounts of the PhoP and '"hoR protein used for gel shift assays and DNase I footprinting assays are indicated in figure legends. When PhoP needed to be phosphorylated, a final concentration of 4 m M ATP was included in the reactions.
Quantification of radioactivity.
Radioactivity from the gelshift assays was determined by PhosphorImager analysis using ImageQuant software (Molecular Dynamics).
RESULTS

Cloning of the tuaA promoter
The tuaA promoter has been reported to contain a 6 bp sequence, 22 bp upstream of the transcription start site, which is identical to that found in other Pho-regulon genes (Eder et al., 1996) . A 17 bp sequence within the promoter preceding the tuaABCDEFGH operon was used to search the database and was found to show 100 % homology with a sequence located immediately downstream of the B. subtilis major autolysin gene, cwZB (Kuroda & Sekiguchi, 1991, Fig. 1) . We amplified the 243 bp promoter fragment downstream of cwlB by PCR and cloned it into pCR2.1 (see Methods). Based on the sequence identity with the published B. subtilis genome sequence database, the promoter was identified as the tuaA promoter.
Analysis of tuaA promoter activity during phosphate starvation
We subcloned the tuaA promoter into pDH32 to make the tuaA promoter-ZacZ fusion. The promoter fusion was introduced into the amy locus in the chromosome of a nonpolar phoP deletion mutant, a phoR deletion mutant and the parent strains by transformation. These strains were grown in LPDM. Fig. 2 shows that the tuaA promoter was induced in the parent strain during phosphate starvation. The pattern of tuaA transcription in the parent strain is similar to that of APase production (data not shown). This is consistent with the observations of Glaser & Loewy (1979) 
PhoP binds to the tuaA promoter
T o test whether PhoP binds to the tuaA promoter as it binds to other Pho-regulon promoters, gel-shift assays were conducted by incubating the labelled tuaA promoter fragment from pES69 with various concentrations of PhoP, 1 pM "PhoR (Liu & Hulett, 1997) in the presence or absence of 4 mM ATP (Fig. 3) . Both
PhoP -P (in the presence of *PhoR and ATP) and unphosphorylated PhoP (in the presence of "PhoR, but absence of ATP) caused a mobility shift of the tuaA promoter fragment. However, PhoP -P binds to the tuaA promoter at a much lower concentration than unphosphorylated PhoP (Fig. 3a ). An apparent band shift at 0.22 pM PhoP -P was observed, whereas the mobility shift occurred starting from a concentration of 1.76 pM unphosphorylated PhoP (Fig. 3b) . Quantitative analysis of PhoP binding to the tuaA promoter based on the gel shift assays indicated that 50% of the promoter fragment was bound at approximately 2 p M unphos- phorylated PhoP or 0.2 pM PhoP -P. Thus, binding affinity of the tuaA promoter is 10-fold higher for PhoP -P than for unphosphorylated PhoP. This is consistent with previous data concerning unphosphorylated PhoP and PhoP -P binding to other Phoregulon promoters (Liu & Hulett, 1997; Liu et al., 1998a, b) and has been postulated to be due to conformational differences between the two forms of the PhoP proteins.
PhoP-binding region in the tuaA promoter
To locate the PhoP-binding region in the tuaA promoter, we performed DNase I footprinting experiments on both strands of the promoter using purified PhoP (Liu & Hulett, 1997) . The data shown in Fig. 4 demonstrate that PhoP binds to both DNA strands in both phosphorylated and unphosphorylated forms, from -21 to -55 (noncoding strand) or -18 to -62 (coding strand). A hypersensitive site on the noncoding strand (-20) was caused by PhoP binding. The binding extended further upstream when PhoP -P was used. It is noteworthy that the PhoP-binding region in the tuaA promoter contains tandem TTAACA-like repeats (Fig. 1) .
The consensus PhoP-binding sequence of the Phoregulon promoters
The known B. subtilis Pho-regulon promoters include pstS (Qi et al., 1997) , phoA (Hulett et al., 1994a, 6 ; Kapp, 1992) , phoB (Chesnut et al., 1991; Liu & Hulett, 1997) , phoD (Eder et al., 1996) , and tagAB and tagDEF (Liu et al., 1998a) . The latter two promoters precede the genes which are involved in cell-wall teichoic acid synthesis (Mauel at aZ., 1994, 1995) and are repressed by PhoP -P (Liu et al., 1998a) . Comparison of the PhoP-binding sites in the tuaA promoter with PhoP-binding sites in other Pho-regulon promoters (Liu & Hulett, 1997; Liu et al., 1998a) showed that the PhoP-binding sites covered a region which is located from about 20 bp to at least 60 bp upstream of the transcription start site in each promoter. (This region was extended to 82 bp upstream in the PhoA promoter.) This core PhoP-binding region contains four TTAACA-like repeated sequences on the coding strand in promoters which are activated by PhoP and on the non-coding strand of promoters repressed by PhoP (Fig. 5a) . A conserved TTAACA-like sequence at the -22 region in the phoA, phoB, phoD and tuaA promoters was reported previously (Hulett et al. 1994b; Eder et al., 1996) , but the repeated TTAACA-like sequences which appear about every 11 bp were recognized only after PhoP footprinting (Liu & Hulett, 1997; Liu et al., 1998a, b) . The PhoP -P footprint showed binding with higher affinity than PhoP and extended the footprint to include DNA upstream and/or downstream of the core binding region in all promoters. Together, these observations suggest that PhoP may bind to these multiple TTAACA repeats as dimers or oligomers. Such a binding pattern may facilitate an increase in the local concentration of PhoP molecules near the Pho promoters.
T o determine a consensus sequence for the TTAACA repeats, we aligned the TTAACA repeats in the promoters which are listed in Fig. 5 (a) . The results indicate that the B. subtilis PhoP binding repeated sequence consensus is TT(T/A)ACA (Fig. 5b) . 
DISCUSSION
In this study, we used both genetic and biochemical approaches to demonstrate that the genes responsible for teichuronic acid synthesis belong to the Pho-regulon gene family. Like other Pho-regulon genes, the tuaABC-DEFGH operon is directly regulated by PhoP. Muller et at. (1997) have shown that teichuronic acid synthesis during phosphate starvation is dependent on PhoP and PhoR, since teichuronic acid does not accumulate in either a phoP or a phoR mutant. In these mutants, the teichoic acid cell wall content does not drop to the same low level as it does in the parent strain when phosphate is depleted, suggesting that teichoic acid is the anionic polymer in cell walls of phoP and phoR mutants even when phosphate is depleted from the growth environment (Muller et al., 1997) . At least part of the explanation for this phenomenon is that PhoP -P represses the synthesis of teichoic acid (Liu et al., 1998a) While transcription of tuaA required PhoP and PhoR, transcription of tuaA in the phoP mutant was apparently lower than that in the phoR mutant. The difference in promoter activity dependence on PhoP versus PhoR has been observed previously for the pstS promoter (Qi et al., 1997) . In contrast, activation of other Pho-regulon promoters including phoA and phoB is equally dependent on PhoP and PhoR. One possible explanation for these apparent differences in Pho-regulon promoter expression may be that low levels of PhoP are phosphorylated by other kinases or other phosphodonors in the phoR mutant and that the concentration of PhoP -P in the cell required for activation of Phoregulon promoters differs. Alternatively, unphosphorylated PhoP may have some activator function. The latter seems unlikely, since we observe no Pho-regulonpromoter induction under phosphate-replete conditions. The former hypothesis, which suggests that lower levels of PhoP -P are required for activation of tuaA and pstS promoters than for APase promoters, such as phoA and phoB, has been confirmed for the pstS promoter (Y. Qi & F. M. Hulett, unpublished data) . In the phoP mutant, however, none of the promoters could be activated, including tuaA, due to the total absence of PhoP -P.
PhoP binding to the tuaA promoter suggests that the activation role of PhoP in tuaA transcription is direct.
PhoP -P and unphosphorylated PhoP showed different binding affinities, as well as different retardation and DNase I protection patterns. PhoP -P had a much higher binding affinity to the tuaA promoter compared to unphosphorylated PhoP ( -10-fold), based on gelshift experiments. In these experiments, one or more intermediates were found between the free-DNA band and the stable binding complex. Appearance of these intermediates may be caused by dissociation of an unstable binding complex at certain protein concentrations during electrophoresis (Dahn et al., 1997) . This phenomenon has been observed in other Pho-regulon promoters (Liu, 1997) . The instability of the binding complexes in the gel-shift assays may lead to dissociation of the protein and the target promoter fragment, thereby causing an underestimation of the binding affinity. PhoP footprinting analysis of the tuaA promoter, with unphosphorylated PhoP or PhoP -P, showed protection of the core PhoP-binding region at concentrations of 55 nM PhoP ; this concentration is much lower than that required for the formation of a detectable complex in the gel shift assays. The DNase I protection patterns of unphosphorylated PhoP and PhoP -P are different, although both bind to the core binding region located from 22 to 60 bp upstream of the transcription start site. Extension of the PhoP-protected region by PhoP -P, as observed on the tuaA promoter has been noted in other promoters such as the photland the pstS promoters (Liu et al., 1998b) ,
suggesting that PhoP -P may play a different role from unphosphorylated PhoP in gene regulation. That PhoP and PhoP -P bound to the similar sequences (the core binding sequence) in the tuaA promoter, as in other PhoP-activated Pho-regulon promoters, strongly suggests that PhoP regulates these promoters by similar mechanisms. For PhoP-activated promoters, the core PhoP-binding sequence is located on the coding strand, but for the tagA promoter, a PhoP -P repressed promoter, the core binding sequence is located on the noncoding strand (Liu et al., 1998a) . The location of the core binding sequence may determine whether PhoP -P plays a role in activation or repression of gene expression.
The structural features of the B. subtilis core PhoPbinding site are similar to those of the Esherichia coli Pho box, the consensus binding site for PhoB -P Kimura et al., 1989; Qi et al., 1997) . Both binding sites are composed of direct repeats separated by nonconserved nucleotides ; however, the actual sequence of the direct repeats, the number of direct repeats and the spacing between the direct repeats differ in the Pho promoters of the two species. An E. coli
Pho Box, to which PhoB -P binds, consists of one set of direct repeats separated by four non-conserved nu-cleotides (Wanner, 1996) . One pair of TTAACA repeats is not sufficient for activation by PhoP (B. subtilis) based on in uitro and in uiuo studies on the pstS promoter ; four TTAACA repeats are required for efficient PhoP binding and promoter activation (Liu et af., 1998b) . B. subtilis PhoP bound from -22 to -60, or further, in all the PhoP-activated Pho-regulon promoters shown in Fig.  5(a) . In this region, four TT(A/T)ACA-like direct repeats are separated by 5 2 nonconserved nucleotides in each Pho promoter and constitute the core PhoPbinding region bound by both PhoP and PhoP N I?. The conserved TTAACA repeats occur almost every 11 bp, suggesting that the PhoP-binding sites are located at the same phase of the DNA double helix and therefore facilitate binding of the PhoP oligomers. T o test the importance of the conserved B. subtilis core PhoPbinding region, it will be necessary to conduct directed mutagenesis of the conserved and nonconserved sequence in the immediate vicinity and analyse transcription from these mutated promoters. Currently, we are using the phoD promoter, which has a similar core binding region (S. L. Eder & F. M. Hulett, unpublished data) , to determine the importance of each sequence in gene regulation.
